INTRODUCTION
Worldwide, more than 238,000 patients are diagnosed with ovarian cancer, a disease that is responsible for more than 151,000 deaths each year (1, 2) . Ovarian cancer is the fifth leading cause of cancer-related deaths among females in the United States and first among gynecologic malignancies (3) . These grim statistics are due in part to the advanced stage at which most cases are detected-at stage III or later in more than 60% of diagnoses-higher than any other form of cancer (3) (4) (5) . Among all populations, the 5-year survival rate is just 46% (5) . In cases where diagnosis occurs at stage I, however, the 5-year survival rate is 92% (6) . Current screening methods involve cancer antigen 125 [CA-125 or mucin 16 (MUC16)] serum testing and transvaginal ultrasonography. However, the U.S. Preventive Services Task Force recommends against these methods because of high false-positive rates and poor sensitivity for detecting small lesions (7) . These methods neither alter patient outcome nor reduce mortality (8) . Consequently, new methods are needed to detect early-stage disease to reduce the burden of ovarian cancer (9) .
Human epididymis protein 4 (HE4) is one of two U.S. Food and Drug Administration-approved serum biomarkers for ovarian cancer, along with CA-125, and is involved in ovarian tumorigenesis (10) . This protein is overexpressed by malignant epithelial cells (11) and is found in increased levels in patient serum (12, 13) , ascites (14) , and uterine fluid (15, 16) . Serum-based HE4 provides similar sensitivity and specificity for ovarian cancer diagnosis as CA-125, although it may be more useful in differentiating benign from malignant disease (12) . Like CA-125, data do not show that serum-based screening for HE4 improves overall patient survival. However, uterine cavity concentrations of these markers are greater (23-fold greater median values for HE4) than serum concentrations and may therefore present a route for more sensitive ovarian cancer detection than serum-based measurements (15, 16) .
Implantable sensors are of increasing interest for the detection of disease biomarkers. Distinct from imaging agents used to visualize disease sites or delineate disease versus normal tissue for surgery (17) , implantable sensors aim to quantify biomarkers via devices that normally remain stationary in the body. Progress in electronic implants includes the development of increasingly flexible and thin electronic materials (18) . Optical implantable sensors include quantum dot-based ion-selective sensors (19) and pH sensors (20) .
Single-walled carbon nanotubes (SWCNTs) have electronic and optical properties that are well suited for in vivo signal transduction. Semiconducting carbon nanotubes emit near-infrared (NIR) bandgap photoluminescence (PL) between 800 and 1600 nm (21) , which can penetrate living tissues to a distance in the centimeter range (22) . Carbon nanotubes have been investigated for use in vivo to image vasculature and as intraoperative probes (17) . Carbon nanotube fluorescence exhibits unique photostability (23) , allowing for repeated, long-term measurements. Nanotubes also exhibit exquisite sensitivity to their local environment via optical bandgap modulation (24) . Previous works have demonstrated the optical detection of small molecules (25) and proteins (26) in or on live cells (24) . Nanotubes have been used in vivo to detect nitric oxide in the liver of live murine models of inflammation (27) and exogenous microRNA (28) .
Here, we developed a carbon nanotube-based sensor to optically detect the ovarian cancer biomarker HE4 in vivo. The sensor was developed by derivatizing NIR-emitting carbon nanotubes to transduce the binding of HE4 to an immobilized antibody. The antibody-nanotube complex responded specifically to HE4 via modulation of the nanotube emission wavelength. Responses from single nanotubes differentiated high-grade serous ovarian carcinoma (HGSC) from control patient serum and ascites samples. We then engineered an implantable device incorporating the antibody-nanotube complex and surgically implanted it into mice. The implant could be probed noninvasively via NIR optical excitation and collection. The device successfully quantified exogenously derived HE4 and detected endogenous HE4 in orthotopic murine models of ovarian cancer to differentiate HE4-producing models from HE4-deficient models (11) .
RESULTS
We developed a carbon nanotube-based sensor for HE4 by synthesizing a stable anti-HE4 antibody-nanotube complex without chemical perturbation of the graphitic carbon of the nanotube (Fig. 1A) . SWCNTs [Unidym high pressure carbon monoxide (HiPCO) preparation] were suspended with the single-stranded DNA (ssDNA) oligonucleotide (TAT) 6 modified at the 3′ end with a primary amine functional group, via ultrasonication. The nanotube suspensions were purified by ultracentrifugation to remove bundles, and excess DNA was removed by centrifugal filtration. The DNA-SWCNT complexes were then conjugated via carbodiimide cross-linker chemistry to a goat polyclonal anti-HE4 immunoglobulin G (IgG) antibody (C-12, Santa Cruz Biotechnology) and subsequently dialyzed against water for 48 hours to remove unreacted reagents. Dynamic light scattering of the dialyzed suspensions indicated a larger size after conjugation with the antibody, confirming that the antibody successfully bound to the DNA-SWCNT complexes (Fig. 1B) . Electrophoretic light scattering further suggested successful attachment by an increase in z-potential of the DNA-SWCNT complexes after conjugation to the antibody (Fig. 1C) , as expected from analogous works (29) . The stability of the complexes and preservation of nanotube optical properties were confirmed by absorbance and PL excitation/emission spectroscopy (Fig. 1D ). All nanotube species (chiralities) exhibited a red shift in emission wavelength (red shift) after antibody conjugation (table  S1) , suggesting an increase in the local electrostatic charge or increased polarity/dielectric constant of the environment in the immediate vicinity of the nanotube (26, 30) .
We assessed the sensitivity and kinetics of the optical response of the Ab-DNA-SWCNT complexes to HE4. The complexes were passivated by incubating with bovine serum albumin (BSA) (31) and subjected to testing with recombinant HE4 antigen in 10% fetal bovine serum (FBS), a complex protein environment. The complexes were excited at 730 nm, and the emission was collected across the NIR range of 900 to 1400 nm to simultaneously assess several nanotube chiralities (see Materials and Methods) (32) . The nanotube emission responded to increasing concentrations of HE4 via monotonic blue shifting of the (9,4) nanotube chirality, with a detection limit of 10 nM and sensitivity of up to 500 nM (Fig. 1E and fig. S1A ), as well as the other two chiralities we investigated ( fig. S1 , B and C). This detection limit is within the range found in ovarian cancer patient serum and ascites (14, 33) of approximately 10 nM and in uterine washings, where median values are 23-fold higher than serum values (~230 nM) (15, 16) .
We investigated the specificity of the response of the Ab-DNA-SWCNT complex to HE4 (Fig. 1F) . The complex was interrogated with 500 nM HE4 or 500 nM each of nontarget proteins, including urokinase plasminogen activator (uPA), the ovarian cancer biomarker CA-125, and BSA, in addition to 93% FBS. High concentrations, much greater than those found under normal physiological conditions for individual proteins, were chosen to assess for nonspecific interactions. We found either no change or a moderate red shift in the sensor response to each interferent protein condition compared to the control (no protein). The responses were measured transiently, and no further changes were found for 120 min ( fig. S1D ). When ssDNA-suspended nanotubes in the absence of a conjugated antibody were challenged with HE4, no wavelength shifting response was observed, indicating that the ssDNAsuspended nanotubes did not exhibit an intrinsic response to HE4 ( fig. S1E) .
We assessed the kinetics of the response of the Ab-DNA-SWCNT complexes to HE4. The complexes exhibited an immediate change in wavelength after introducing HE4, which was detectable after 1 min (Fig. 1G) . The signal stabilized by approximately 60 min after HE4 addition. To investigate long-term sensor functionality under simulated in vivo conditions, we incubated Ab-DNA-SWCNT complexes in FBS at 37°C for up to 7 days. When interrogated with HE4, we observed the usual blue-shifting response for 3 days, although at 7 days, the sensor response was significantly changed, wherein a larger response and greater variability were observed ( fig. S1F) .
The sensor blue shift is likely caused by the removal of water from the surface of the nanotube following the high affinity-specific interaction of HE4 with the antibody. When this binding occurs, we hypothesize that the HE4 protein is brought near to the nanotube surface, displacing water from the surface of the nanotube and thereby reducing the local dielectric constant, causing a blue shift (28, 30) . The red shift in response to certain nontarget proteins is likely due to electrostatic interactions of the proteins with the surface of the nanotube that are not strong enough to displace water, causing an increase in the local electrostatic charge environment of the nanotube (26, 30) .
We developed a surface-based hyperspectral imaging assay to assess the response of single nanosensor complexes to HE4 in the presence of a minimal amount of patient sample. Ab-DNA-SWCNT complexes were adsorbed to a glass surface and imaged using a near infrared (NIR) hyperspectral microscope to rapidly acquire the spatially resolved spectra from hundreds of individual complexes (Fig. 2, A and B) (34) (35) (36) . Baseline hyperspectral cubes were obtained from single nanotubes immersed in phosphate-buffered saline (PBS), resulting in spectra for each complex. Spectra were then acquired from the same imaging field 10 min after spiking a final concentration of 10 nM HE4 into the buffer. The mean blue shift was 1.2 nm [P = 0.04, measured for the (8, 6) species; Fig. 2C and fig. S2, A and B] . Further, we observed a blue shift of 0.8 nm after spiking in a final concentration of 2.5 nM HE4, but no change after the addition of 1 nM (fig. S2B), denoting a detection limit in this range. In response to 10% FBS, the mean sensor red shift was 2.3 nm (P = 0.03; Fig. 2C ).
We investigated the individual nanosensor response upon exposure to biofluid samples collected from ovarian cancer patients. The hyperspectral imaging assay allowed measurements of patient samples in volumes as little as 10 ml. Upon exposing the sensor to serum collected from patients diagnosed in the clinic with HGSC or noncancerous, benign conditions, we observed a distinct separation in signal response (Fig. 2D) . The HGSC patient serum caused a blue shift of approximately 0.36 nm [SD = 0.16 nm, measured for the (8,6) nanotube species], whereas serum from patients with benign conditions red-shifted the sensors by approximately 1.4 nm (SD = 0.72 nm), resulting in a significant difference between the two cohorts (P = 0.015). Using an enzyme-linked immunosorbant assay (ELISA), we measured HE4 concentrations within 0.44 to 0.58 nM in patients with benign conditions and 2.2 to 2.6 nM for HGSC patients. The nanosensor also differentiated between HGSC patient ascites and benign patient peritoneal fluid collected from patients without cancer (Fig. 2E) . Peritoneal fluid from benign controls elicited an average red shift of 0.96 nm (SD = 0.64 nm), whereas ascites from HGSC patients caused an average blue shift of 0.27 nm (SD = 0.08 nm), resulting in a significant difference between the two populations (P = 0.030). The HE4 concentrations measured by ELISA were 0.86 to 1.1 nM for peritoneal fluid 
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from patients with benign conditions and 2.2 to 2.8 nM for HGSC patient ascites. The HE4 concentrations in noncancerous serum and peritoneal fluid samples are consistent with the upper range of various benign conditions, with HE4 levels greater than that of normal individuals, whereas the HGSC serum and ascites samples are consistent with the upper range of HGSC patient samples (37, 38) . Because all benign serum and peritoneal fluid samples contained less than 1.1 nM HE4 and all HGSC patient fluids contained 2.2 to 2.8 nM HE4, these results confirm the detection limit of between 1 and 2.5 nM HE4 using the surface-based nanosensor assay and the ability to differentiate HGSC patient from benign fluids ex vivo.
To assess the function of the nanosensor in vivo, we developed a membrane-based device to implant the Ab-DNA-SWCNT complexes into live mice. The complexes, passivated with BSA, were loaded into a semipermeable polyvinylidene fluoride (PVDF) membrane capillary with a molecular weight cutoff (MWCO) of 500 kDa. We chose this MWCO to be larger than the HE4 antigen (approximately 25 kDa) but smaller than the sensor complex. We estimated the mass of the complex, assuming that an average diameter nanotube is 1.0 nm, the experimentally determined average length is 166 nm (26) , and the derived ssDNA-to-nanotube weight ratio from simulations is 1:1 (39), to be 1446 kDa (see the Supplementary Text). The material allowed excitation/emission of nanotubes through the membrane (Fig. 3A) . We first tested the response of the implantable sensor device immersed in 10% FBS, resulting in a 1-nm blue shift upon exposure to 100 nM recombinant HE4 after 60 min, as compared to controls (P = 7.2 × 10 −6
; Fig. 3B ). We developed a minor surgical method to investigate the functionality of the implantable sensor in vivo. The membrane-encapsulated sensors were surgically implanted into healthy, 4-to 8-week-old female athymic nude mice (Envigo Hsd:Athymic Nude-Foxn1 nu ) under anesthesia ( fig. S3 ; see Materials and Methods). The implants were sutured within the peritoneal cavity to the interior of the parietal peritoneum medially above the intestines, and the overlying skin was clipped closed. Placement of the implantable device and nanosensor emission from within the peritoneal cavity were confirmed by whole-animal NIR imaging (Fig. 3C) . Typical results revealed bright emission medially to the abdomen and no nanotube leakage from the membrane. Following implantation, mice were allowed to become alert and ambulatory, exhibiting no adverse effects or signs of distress from surgery or the implanted device.
We developed instrumentation to noninvasively acquire spectra from the sensor and assess its response in vivo. A fiber optic probebased system was used to excite an area of approximately 0.8 cm 2 with a 730-nm laser (see Materials and Methods). Emission from the sensor was collected through the same fiber bundle, which was coupled to a spectrometer/NIR array detector. Spectra were obtained from mice reanesthetized after sensor implantation. Spectra were acquired with a 3 s integration time by placing the probe approximately 1 to 2 cm above the mouse skin. Three measurements were taken and averaged per mouse (Fig. 3D) . The distance through the skin and peritoneum was (C) Shift in sensor emission wavelength 10 min after addition of recombinant HE4 or 10% FBS. Pre-to post-FBS, *P = 0.03; pre-HE4 to post-HE4, *P = 0.04 (two-sided t test). n = 82 single nanotubes before and 98 after FBS, 100 before HE4, and 97 after HE4. Data shown are means ± SEM. (D) Sensor response to serum. n = 3 HGSC patients or patients with benign conditions. HE4 concentrations, measured independently via enzyme-linked immunosorbent assay (ELISA), are specified for each sample. *P = 0.015, two-sided t test. (E) Sensor response to HGSC patient ascites or peritoneal fluid from patients with benign conditions. n = 3. HE4 concentrations, measured independently via ELISA, are specified for each sample, with one exception due to sample volume limitation. *P = 0.03, two-sided t test. approximately 2 mm of tissue. To confirm the stability of the nanosensor, the implantable device, and its long-term optical functionality in vivo, a mouse was implanted with the sensor. Fluorescence was measured 60 min and 38 days following injection (Fig. 3E) . The results suggest long-term stability of the emission of the sensor implant. We investigated the response of the implanted sensor when challenged with exogenous recombinant HE4. Implanted mice were intraperitoneally injected with 10 pmol of HE4, an equal amount of BSA, or left untreated (n = 3). Sensor fluorescence was obtained as above with the fiber optic probe-based system. Three measurements were taken per mouse per time point, baseline-subtracted ( fig. S4) , and fit using a Lorentzian function to obtain the emission center wavelength. The sensor implants were measured before implantation; in vivo following implantation but before injection; 15 min and 1, 2, 4, and 24 hours after injection; and ex vivo after explantation ( fig. S5, A to H) . The sensors exhibited a distinct blue-shifting response by 15 min after HE4 injection, which stabilized by 60 min (Fig. 4A and fig. S5 , I and J), comparable to the in vitro kinetics data. Alternatively, mice injected with BSA exhibited a slight red shift or no change in emission wavelength throughout the experiment. At 60 min, the implanted sensor in the HE4-injected mice exhibited a 0.7-nm blue shift, as compared to controls (Fig. 4B )-almost identical to the magnitude observed in vitro upon interrogating with the same quantity of HE4 (0.6-nm blue shift; Fig. 1B ). This change was significantly different when compared to the change in center wavelength of the sensor in mice injected with BSA (P = 0.016). Following sacrifice, the sensor device was removed and was found to exhibit no compromise in structural integrity or function.
We next investigated the in vivo sensor response to tumor-derived HE4 within orthotopic murine models of ovarian cancer. Four cohorts of athymic nude mice were injected intraperitoneally with approximately 10 million cells of four different luciferase-expressing cell lines: OVCAR-3, SK-OV-3, OVCAR-5, and OVCAR-8 (n = 4 of each). The OVCAR-3 and OVCAR-5 cells express high levels of HE4, whereas SK-OV-3 and OVCAR-8 cells express low to negligible levels of HE4 (11) . These cell lines are thought to represent HGSC with the exception of SK-OV-3, which is likely not of HGSC origin (40) . We confirmed HE4 expression in OVCAR-3 and OVCAR-5 and a lack thereof in SK-OV-3 and OVCAR-8 cells via ELISA on conditioned cell culture media (table S2) . Tumors were allowed to grow for approximately 4 weeks, after which in vivo bioluminescence imaging showed significant tumor burden in the mice (Fig. 4C) . Mice exhibited distended, fluidfilled abdomens typical of ovarian cancer-associated ascites and solid tumor nodules in the peritoneal cavity. The presence of HE4 in OVCAR-3 and OVCAR-5 ascites and negligible concentrations or absence of HE4 in SK-OV-3 and OVCAR-8 ascites were confirmed via ELISA on ascites drawn or flushed from the peritoneal cavity (table S2) . Tumor burden was further confirmed via hematoxylin and eosin (H&E) staining on resected tumor nodules ( fig. S6 ).
To measure HE4 in ovarian cancer-bearing mice using the nanosensor, the devices were implanted into the peritoneal cavity following initial spectral characterization ( fig. S7A ). Surgical implantation was performed as described above on mice 4 weeks after tumor cell injection. Nanosensor emission was measured in the tumor-bearing mice in vivo using the optical probe system (Fig. 4D) for 24 hours. The sensors were also interrogated after sacrifice and explantation at 24 hours ( fig. S7 , B to G). Three measurements were taken per mouse per time point and baseline-subtracted. The spectra were then fit with Lorentzian functions to record the emission center wavelength. The implanted sensors exhibited an immediate blue shift response in mice bearing HE4-expressing tumors within 15 min that stabilized by 60 min (Fig. 4E and  fig. S7, H and I) , similar to the in vitro results (Fig. 1G) . Similar to the exogenous protein injection experiments, the sensors in mice bearing HE4 nonexpressing tumors exhibited no wavelength changes or slight red shifting. At 60 min, in mice bearing OVCAR-3 or OVCAR-5 cells, the sensor exhibited a 0.91-or 1.2-nm blue shift, respectively, as compared to controls, while it exhibited a negligible change in SK-OV-3 and OVCAR-8 models (Fig. 4F) . The mean emission wavelength of the sensor from each HE4 (−) mouse was significantly different from that of each HE4 (+) mouse. Emission was bright and stable across all measurements ( fig. S8A) . Following mouse sacrifice and sensor explantation, we found that the blue shift remained consistent when the sensor was interrogated using the optical probe ( fig. S8B) .
DISCUSSION
This work describes in vivo optical quantification of a soluble cancer protein biomarker and direct correlation with disease state using an implanted optical sensor with carbon nanotubes as the transduction element. Many imaging modalities that visualize tumors by binding protein targets exist (41) . In addition, previous work using carbon nanotube electrical (42) and optical properties has produced sensors for the detection of proteins in vitro, including a chip-based optical sensor to measure the cardiovascular disease biomarker cardiac troponin T (43) and an in vivo sensor for the small-molecule inflammatory biomarker nitric oxide (27) .
The current work described the construction and characterization of a carbon nanotube-based optical sensor for the ovarian cancer protein biomarker HE4. We found that the sensor can quantify HE4 in patient serum and ascites samples at relevant biomarker concentrations, potentiating future use as a rapid or point-of-care sensor. Finally, we developed, characterized, and used an implantable device in the peritoneal cavity of four murine models of ovarian cancer to detect the HE4 biomarker and differentiate biomarker-producing murine ovarian cancer models from non-biomarker-producing models.
The application of this sensor technology in the clinic will obviously require multiple follow-up studies. Data presented herein show wavelength shifting responses of up to 2 nm. Although consistent and reproducible, there was some minor variation in values across experiments and in initial emission wavelengths before detection. We note that this is likely due to the different nanotube local environments across varying platforms, including in solution, on a solid surface, and within a membrane in live mice (34) . Minor variability in initial center wavelength measurements was addressed by performing spectral characterization of each sensor before implantation. We also found slight differences in the detection limit when used in solution versus on a glass surface. However, future work will investigate several approaches to producing a larger spectral change and thereby improve sensitivity of both ex vivo measurements of patient biofluids and in vivo detection, including separating nanotube chiralities to decrease spectral overlap and heterogeneity in emission center wavelengths (39, 44) , performing site-directed antibody conjugation chemistry to increase proper antibody orientation (45) , increasing the total number of antigen-binding events using multivalent polymers (32) , and modifying polymers to exacerbate the magnitude of the shift (28) . In addition, carbon nanotubes with higher quantum yields would allow for greater tissue penetration of the optical signal.
The long-term function of the implant will be important for most applications of this technology. Herein, we demonstrated stable sensor function in vivo up to 24 hours and consistent emission intensity in vivo over 38 days, although in vivo sensor functionality over extended periods requires further investigation. Should antibody stability be an issue, more stable antibody constructs, such as single-chain variants or nanobodies (46, 47) or other sensing elements such as aptamers, (48, 49) may be investigated. Regarding the implant housing material, it is known that PVDF in general and the specific implant used here is highly biocompatible (50) and has been used in immunocompetent mice and rats, finding no immune reactions caused by the membranes (51) . However, to modulate any potential biofouling or biocompatibility issues, it is possible to coat the membrane with polyethylene glycol or other antifouling materials (52) . Alternatively, the nanosensors may be embedded directly in a hydrogel matrix, as has been investigated with carbon nanotubes in vivo, finding no local inflammation (27) . Further, although we expect no exposure of the nanosensor complex when immobilized in the implant device, well-dispersed, purified SWCNTs such as those used here do not exhibit any immunogenic or toxic effects (36, 53) .
Concerning the form factor and site of implantation of a clinical device for detection of ovarian cancer biomarkers, several options may be considered. Detection proximal to disease sites will increase the likelihood that the sensor will be exposed to higher levels of HE4 in the presence of cancer. It is unlikely that implantation of this sensor into the peritoneal cavity would yield diagnostic value due to poor biomarker differentiation at that location (38) . However, potential locations include areas near the ovaries, fallopian tube, or within the uterine cavity where HE4 is expressed up to 12-fold higher in patients with ovarian cancer compared to benign conditions and up to 23-fold higher than in the serum (15, 16) . Devices such as T-shaped birth control intrauterine devices (IUDs) are approximately 3 cm in each planar dimension (54) . Because our implantable device is roughly the same size, it may be inserted into the uterine cavity in a similar manner to existing IUDs or in the fallopian tubes endoscopically, wherein nanotube fluorescence could easily be probed endoscopically or through the body. Depending on the patient, it may be possible to obtain measurements using a similar probe-based device external to the patient; however, in certain circumstances, endoscopic probe-based measurements may be necessary. Although there is potential invasiveness and associated risk with these procedures, these would likely be acceptable in light of the potential diagnostic benefits.
The stratification of patients to determine who may be good candidates will be important for the successful translation of this technology. Current evidence shows up to 23-fold greater uterine cavity concentrations of HE4 compared to serum concentrations and that these levels are associated with disease status (15, 16) . Although this portends earlystage disease screening, additional studies are warranted to modify and assess the technology described here for use in a clinical context. Risk factors that are indicative of an increased risk for ovarian cancer include family history of ovarian or breast cancer, patients with BRCA1 or BRCA2 mutations (55) , and individuals experiencing early menarche, late menopause, or endometriosis (56) . These patients may be appropriate for sensor implantation between the ages of 30 and 40 if longitudinal monitoring (57) over a period of months to years can be achieved. In addition, patients who have been diagnosed and treated for primary disease may be appropriate to monitor for recurrence. Most patients treated for advanced ovarian cancer initially respond to first-line therapy and then subsequently relapse (58) . Thus, careful monitoring after the completion of treatment may allow for a more rapid determination of whether the disease is returning after initial therapy, alerting physicians earlier to the need to initiate a new therapeutic approach or consider additional surgical cytoreduction.
Regarding the choice of protein biomarker to measure using a clinical device, several issues must be considered. We focused herein on HE4, which, in the context of patient serum-based measurements for ovarian cancer, has shown some utility for clinical diagnosis and, in some circumstances, more so than the more commonly used CA-125 (12, 13), although not in all circumstances (59) . Other proteins, including YKL-40 and mesothelin, have additionally been found to exhibit elevated levels in the uterine cavities of patients with ovarian cancer (15, 16) . It may be desirable to simultaneously measure multiple biomarkers to potentially afford increased specificity for and sensitivity to disease. To develop a single device for multiplexed detection (28), one may use either physical separation (60) of elements sensitive to different biomarkers on the same device or chirality separation of carbon nanotubes (39, 44) to enable different nanotube species to be engineered to detect different biomarkers and measured individually via spectral separation of emission bands.
CONCLUSION
We developed an implantable nanosensor to noninvasively detect an ovarian cancer biomarker produced in a localized region within the body and transmitted via NIR emission to an external detector. The sensor used SWCNTs to transduce the binding of HE4 to an immobilized antibody via modulation of the intrinsic NIR emission of the nanotubes. The nanotube-antibody complexes detected HE4 in serum and ascites from ovarian cancer patients. The nanotube complexes were then loaded into a semipermeable membrane to result in an implantable device that could be probed noninvasively in vivo. The sensors quantified exogenously derived HE4 and detected endogenous HE4 in orthotopic murine models of ovarian cancer to differentiate HE4-producing models from biomarker-deficient models. The work portends clinical translation of implantable devices for use in patients with risk factors for disease to detect disease onset, recurrence, or to monitor treatment response.
MATERIALS AND METHODS

Sensor synthesis
The HE4 sensor complex was synthesized by probe-tip ultrasonication of as-prepared HiPCO SWCNTs (Unidym) with amino-modified ssDNA oligonucleotide with the sequence 5′-TATTATTATTATTAT-TAT/AmMO/-3′ (Integrated DNA Technologies), under previously described conditions (34) . Briefly, a 2:1 mass ratio of ssDNA to dried nanotubes was added to 1 ml of 1X PBS and sonicated for 30 min at 40% of the maximum amplitude (~13 W; Sonics & Materials Inc.). The suspensions were then ultracentrifuged (Sorvall Discovery 90SE) for 30 min at 280,000g. The top 75% of the solution was removed for further processing, discarding the bottom 25% that contained unsuspended nanotubes and carbonaceous material. Amicon centrifugal filters with a 100-kDa MWCO were used (Millipore) to remove free ssDNA and to concentrate the samples, which were resuspended in 1X PBS. Absorbance spectra were obtained with a ultraviolet/visible/ near-infrared (UV/Vis/nIR) spectrophotometer (Jasco V-670) to determine sample concentration using the extinction coefficient Abs 630 = 0.036 liters mg
. The resulting DNA-SWCNT complex was then chemically conjugated via carbodiimide chemistry to goat polyclonal anti-HE4 IgG antibody (C-12, Santa Cruz Biotechnology) to form the Ab-DNA-SWCNT sensor construct. The carboxylic acids of the antibody were first activated with 1-ethyl-3-(3-dimethylainopropyl)carbodiimide and N-hydroxysuccinimide for 15 min. This reaction was quenched with 1.4 ml of 2-mercaptoethanol. The activated antibody was added in an equimolar ratio to the ssDNA. Following 2 hours of incubation on ice, the conjugate was dialyzed against water with a 1-MDa MWCO filter (Float-A-Lyzer G2; Spectrum Labs) at 4°C for 48 hours with two buffer changes to remove unconjugated antibody and reaction reagents.
NIR spectroscopy and imaging experiments NIR fluorescence emission spectra from antibody-conjugated and unconjugated nanotubes in solution were acquired using a home-built optical setup (32) . This apparatus consists of a SuperK EXTREME supercontinuum tunable white light laser source (NKT Photonics) with a VARIA tunable bandpass filter to modulate the output within the 500-to 825-nm range. A bandwidth of 20 nm was used. Alternatively, a 1-W continuous-wave 730-nm laser source (Frankfurt Laser Company) was used. The light path was shaped and fed into the back of an inverted IX-71 microscope (Olympus) and passed through a 20× NIR objective (Olympus) to illuminate a 100-ml sample in a UV half-area 96-well plate (Corning). Emission was collected back through the 20× objective and passed through an 875-nm dichroic mirror (Semrock). The light was f/# matched to the spectrometer using glass lenses and injected into an IsoPlane spectrograph (Princeton Instruments) with a 410-mm slit width. The emission was dispersed using a 86 g/mm grating with blaze wavelength of 950 nm. The spectral range was 930 to 1369 nm with a resolution of~0.7 nm. The light was collected by a PIoNIR InGaAs 640 × 512 pixel array (Princeton Instruments). Single spectra were acquired using the 730-nm laser or the supercontinuum laser source with the variable bandpass filter centered at 730 nm. Excitation/ emission plots, also dubbed PL plots, were compiled using the supercontinuum laser for excitation. Spectra were acquired between movements of the VARIA bandpass filter in 3-nm steps from 500 to 827 nm. An HL-3-CAL EXT halogen calibration light source (Ocean Optics) was used to correct for wavelength-dependent features in the emission intensity arising from the excitation power, spectrometer, detector, and other optics, as previously described (26) . A Hg/Ne pencil-style calibration lamp (Newport) was used to calibrate spectrometer wavelength. Data were obtained from each well at multiple time points using custom LabView (National Instruments) code.
NIR fluorescence images and spectra were obtained from a hyperspectral microscope, as previously described (Photon etc.) (34) . Briefly, the setup consists of an inverted IX-71 microscope (Olympus). Experiments were performed with a continuous-wave 2-W 730-nm laser (Frankfurt) fed through a 100× oil immersion lens (Olympus). Nanotube samples immobilized on a glass surface were excited, and emission was collected through the objective. To obtain spectra, light was fed through a volume Bragg grating to obtain images in sequential 4-nm steps from 900 to 1400 nm (hyperspectral cubes). Light was collected using a 256 × 320 pixel InGaAs array.
Individual NIR fluorescence spectra from implantable membranes in vivo and ex vivo were obtained using a home-built preclinical fiberoptic probe spectroscopy system. A continuous-wave 1-W 730-nm laser (Frankfurt) was injected into a bifurcated fiber optic reflection probe bundle. The bundle consisted of a 200-mm, 0.22 numerical aperture (NA) fiber optic cable for sample excitation located in the center of six 200-mm, 0.22 NA fibers for collection. Long-pass filters were used to block emission below 1050 nm. The light was focused into a 303-mm focal length Czerny-Turner spectrograph (Shamrock 303i, Andor) with the slit width set at 410 mm. Light was dispersed by a 85 g/mm grating with blaze wavelength of 1350 nm and collected with an iDus InGaAs camera (Andor).
Live animal NIR images were obtained using a preclinical NIR imaging apparatus consisting of a two-dimensional InGaAs array and two 2-W 730-nm lasers (Photon etc.). The mouse was anesthetized with 1 to 3% isoflurane administered via nose cone during imaging. A 1100-nm long-pass filter was placed into the emission path to reduce autofluorescence. The background-subtracted NIR fluorescence image was overlaid on an image of the mouse taken under ambient visible light.
In vitro sensor characterization
Absorbance spectra of the Ab-DNA-SWCNT complex were obtained with a UV/Vis/NIR spectrophotometer, as described above. PL plots
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and individual spectra were obtained from the antibody-conjugated and unconjugated nanotubes using a home-built microscopy apparatus, as described above. PL plots were obtained from the antibody-conjugated sensor and unconjugated control to determine the effect on each nanotube chirality of antibody conjugation. Individual spectra were obtained from samples using the 730-nm laser.
To test sensor response to HE4, the Ab-DNA-SWCNT complex was first incubated on ice with a 50X BSA/SWCNT ratio to passivate the nanotube surface (31) . The passivated sensor complex was added to a 96-well plate at a nanotube concentration of 0.25 mg/liter in a 100-ml total volume of PBS and 10% FBS (Gibco). Recombinant human HE4 (Glu31-Phe124, RayBiotech) was added to the sensor complex in separate wells at concentrations of 0 nM (baseline control), 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 50 nM, 100 nM, 250 nM, and 500 nM. Data were taken for up to 2 hours in 5-min increments. Kinetic response experiments were performed by introducing 500 nM HE4 to the sensor and measuring the emission via NIR spectroscopy every 3 s up to 60 min. To assess sensor response in simulated in vivo conditions, we incubated the sensor in 95% FBS at 37°C for 7 days. Aliquots were removed and interrogated with 50 nM HE4 at 1 hour, 1 day, 3 days, and 7 days via NIR spectroscopy. All experiments were performed in triplicate.
To test sensor specificity, we first incubated the Ab-DNA-SWCNT complex with BSA on ice as above. Passivated sensor complexes were added to a 96-well plate at a nanotube concentration of 0.25 mg/liter in a 100-ml total volume of PBS and 10% FBS. In triplicate, the following were added into wells: 500 nM recombinant human HE4, 500 nM recombinant human uPA [a metastatic cancer biomarker (RayBiotech)], 500 nM native human CA-125 of cellular origin (Cell Sciences), 500 nM BSA (Sigma-Aldrich), or an additional 83% (for a total of 93%) FBS. To ensure specificity of the sensor construct, 500 nM recombinant human HE4 was added to DNA-SWCNT complexes without antibody, as described above. Experiments were performed with the same time points as above.
Ex vivo sensor characterization
The nonpassivated Ab-DNA-SWCNT sensor complex (10 ml) was added to a collagen-coated MatTek (Ashland, MA) glass-bottom dish for 30 s and removed, allowing the complexes to be deposited on the surface. Then, 90 ml of 1X PBS was added to the dish. A single-broadband NIR fluorescence image was obtained in the 900-to-1400-nm range using the hyperspectral microscope described above (34) under a laser excitation of 730 nm. A continuous stack of emission wavelength-defined images (hyperspectral cube) was acquired with the volume Bragg grating in place, moving in 4-nm steps between 1150 and 1250 nm. Then, 10 ml (final concentration of 10 nM) of recombinant HE4 was added to the PBS for 10 min before a second cube was acquired. Spectra from 50 to 100 individual nanotubes were processed as described above, and the mean emission wavelength was calculated. A Student's t test was used to determine significance between the pre-HE4 and post-HE4 addition populations. A separate experiment was performed for an equal concentration of BSA to test specificity of the response of the sensor in this context.
The immobilized Ab-DNA-SWCNT complexes were interrogated with 10 ml of patient samples. Fluids from three separate patients with each condition were used: benign serum, HGSC serum, benign peritoneal fluid, and HGSC ascites. Each sample was obtained as previously described (15, 16) under the Memorial Sloan Kettering Cancer Center (MSKCC) Institutional Review Board-approved protocols, and informed consent was obtained. A Student's t test was performed to compare sensor shift for benign samples and HGSC samples. All patient samples (except one benign peritoneal fluid due to minimal volume obtained) were analyzed by ELISA to quantify HE4 (R&D Systems).
Implantable device development
The Ab-DNA-SWCNT sensor complex was passivated by incubation on ice with BSA in a 50X BSA/SWCNT ratio for 30 min. FBS was then added to reach a 10% concentration. A semipermeable 500-kDa MWCO PVDF KrosFlo dialysis membrane (Spectrum Labs)~2 mm in diameter was cut 2 to 3 cm long. A volume of 15 to 20 ml of SWCNTs (4 mg/liter; or 60 to 80 ng of the complex) was injected into the capillary. Both ends of the membrane were heat-sealed, leaving a~2-mm flap on each side.
In vitro characterization of implantable device
The optical response of the Ab-DNA-SWCNT complex within the capillary device was tested by immersing the membrane in 1 ml of 1X PBS and adding 100 nM recombinant HE4 to the solution. NIR emission of the nanotubes inside the membrane was obtained using the home-built microscopy setup, as described above. Spectra were obtained before HE4 addition and every 30 min thereafter. Background subtractions were performed with a blank membrane containing no nanotubes. Fluorescence measurements were taken in triplicate.
Exogenous HE4 detection in vivo
All animal experiments were approved by the Institutional Animal Care and Use Committee at MSKCC. Animal numbers were chosen to ensure repeatability while minimizing animal use. To test in vivo sensor functionality, nine healthy, 4-to 8-week-old female athymic nude mice (Envigo Hsd:Athymic Nude-Foxn1 nu ) were used to implant the membrane into the peritoneal cavity. Separately, one mouse was implanted with the sensor to monitor its long-term stability and fluorescence. Measurements from this mouse were performed at 60 min and 38 days after implantation. Before implantation, NIR fluorescence spectra were acquired from the implant using the fiber optic probe spectroscopy apparatus described above. Surgical implantation and fluorescence spectroscopy were performed under 1 to 3% isoflurane anesthesia, administered via a nose cone. Two~2-mm incisions were made in the skin and below the parietal peritoneum: one~5 mm distal to the xiphoid process and one~2 cm distally of the first incision ( fig. S3 ). The membrane was inserted through the proximal incision through to the distal incision. The flaps at each end of the device were sutured to the parietal peritoneum using 5-0 Monocryl (poliglecaprone 25) absorbable sutures (Ethicon). The skin was clipped twice at each incision with 9-mm stainless steel AutoClips to close the incisions (Mikron Precision Inc.). Between time points, mice were alert and ambulatory, exhibiting no visible signs of pain or distress. NIR fluorescence spectra from the sensor device were acquired using the probe-based system by pointing the fiber probe at the abdomen of the anesthetized mouse from a distance of 1 to 2 cm. Mice were then injected with 10 pmol of HE4 or BSA in 100 ml of PBS, or they were left uninjected as a second control (n = 3). NIR spectra were then acquired 15 and 60 min following injection. Spectra were also collected at 2, 4, and 24 hours after injection. Following 24 hours, mice were sacrificed, and the implantable devices were removed. Spectra were again acquired from the device ex vivo. Spectra were processed as described above. The change in emission center wavelength of the implant within a mouse was obtained by subtracting the average center wavelength of the control uninjected mice at the appropriate time point (to control for variability in the sensor due to the in vivo environment) and then the initial preimplant center wavelength for the given mouse (to control for variability in initial sensor emission) from the emission center wavelength measured at each time point in vivo.
Murine models
Luciferized cell lines OVCAR-3 [cultured in RPMI-1640 + 20% FBS + insulin (0.01 mg/ml; Humulin R, Lilly) + Primocin (100 mg/ml; InvivoGen)], SK-OV-3 (cultured in Dulbecco's modified Eagle's medium low glucose + 10% FBS + Primocin; American Type Culture Collection), OVCAR-5, and OVCAR-8 (both cultured in RPMI-1640 + 1 mM sodium pyruvate + 10% FBS + Primocin) were grown at 37°C under humid conditions. All culture reagents were from Gibco unless otherwise noted. Cells were passaged at 80 to 90% confluency approximately once weekly, and media was changed every 2 to 3 days. ELISA was performed to determine the presence of HE4 in conditioned culture media collected at 90% confluency (R&D Systems). Upon reaching near confluency, cells were trypsinized for 10 min at 37°C, complete media was added to deactivate trypsin, cells were centrifuged at 150g for 7 min at 4°C, and pellets were resuspended in cold 1X PBS. Cells were counted using a Tali image-based cytometer (Invitrogen). Approximately 10 million cells in a 100-ml volume were injected intraperitoneally into four to eight female athymic nude mice (n = 4) (Envigo). Mice were housed under standard conditions, and whole-animal bioluminescence imaging was performed twice weekly to monitor cell proliferation using the IVIS Spectrum In Vivo Imaging System (Perkin Elmer; Fig. 4C ) using standard firefly luciferase bioluminescence settings. Approximately 4 to 5 weeks following injection, maximal bioluminescence signal was obtained, and most mice exhibited distended, fluid-filled abdomens typical of peritoneal ascites with some solid tumor nodules.
In vivo studies with implantable sensor device Before implantation, NIR spectra were acquired from the sensor devices using the probe-based spectroscopy system. Sensor devices were implanted into each mouse, as described above, with care taken to minimize loss of ascitic fluid. Spectra were obtained at 15 min, 1 hour, 2 hours, 4 hours, and 24 hours following implantation. After 24 hours, mice were sacrificed, the implant devices were removed, and spectra of the devices were acquired. The change in emission center wavelength of the implant within a mouse at a given time point was obtained by subtracting the average center wavelength of control uninjected mice at the appropriate time point (to control for variability in the sensor due to the in vivo environment), and then, the initial preimplant center wavelength for the given mouse (to control for variability in initial sensor emission) from the emission center wavelength was measured at each time point in vivo. Upon sacrificing the mice, ascitic fluid was removed directly from the peritoneal cavity of the mice with a needle and syringe or washed with up to 2 ml of 1X PBS and removed. Solid tumor nodules were removed for histological analysis.
An ELISA was performed using an HE4 kit (R&D Systems) to quantify HE4 mouse in ascites. Tumor tissues were fixed in 4% paraformaldehyde (PFA), dehydrated, and paraffin-embedded before 5-mm sections were placed on glass slides. The paraffin was removed and slides were stained with H&E for basic histological analysis.
Statistical analysis and spectral fitting Zeta potential, surface-based, in vitro confirmation of implantable device sensitivity to HE4, and in vivo protein injection experiments were analyzed by two-sided t tests. In vitro specificity experiments were analyzed by a two-sided one-way ANOVA with Dunnett's post hoc analysis to compare to a single control. In vivo orthotopic cancer model experiments were analyzed by two-sided one-way ANOVA with Tukey's post hoc analysis to compare all groups. Reported P values were assigned ***P < 0.001, **P < 0.01, and *P < 0.05, and exact P values are reported in captions.
Background subtraction of in vitro solution-based data was conducted using a well in the same plate with identical buffer conditions to the samples. Data were processed with custom MATLAB code, which applied spectral corrections as noted above for wavelength-dependent features in emission intensity, background subtraction, and data fitting of nanotube emission peaks with Lorentzian functions.
Background subtraction for surface-based hyperspectral microscopy was performed by acquiring hyperspectral cubes from an identical glass surface with identical buffer conditions to the samples. Data were processed with custom MATLAB code, which applied spectral corrections for nonuniformity in the camera's light gathering efficiency, background subtraction, and data fitting of emission peaks of individual nanotube species to Lorentzian functions. Binned center wavelengths of all analyzed single nanotubes (n = 82 to 100 as noted in Results) were graphed as histograms and fit with Lorentzian functions to obtain total population center wavelengths.
In vivo spectral data were baseline-subtracted with a splineinterpolation method via OriginPro 9 software (OriginLab) instead of blank spectra due to nonuniformity in background spectra dependent on location on the mouse and the distance from the probe ( fig. S4 ). Data were processed with custom MATLAB code, which applied spectral corrections for nonlinearity of the InGaAs detector response and data fitting to Lorentzian functions to obtain emission center wavelengths.
In solution-based experiments, r 2 fit values were not less than 0.98. In surface-based experiments, r 2 fit values were used only if greater than 0.6.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/4/4/eaaq1090/DC1 Supplementary Text fig. S1 . Characterization of sensor function in vitro. fig. S2 . Single-sensor HE4 response characterization. fig. S3 . Images taken during the procedure to surgically implant the sensor devices. fig. S4 . Baseline subtraction procedure of a spectrum obtained from the implanted sensor device in vivo (E 3 = one thousand units). fig. S5 . Raw and fitted sensor data from all mice in the exogenous protein injection experiment. fig. S6 . H&E stain of tumor nodules in tissue resected from each murine model of ovarian cancer. fig. S7 . Sensor implant emission data from all murine orthotopic ovarian cancer models. fig. S8 . In vivo sensor stability. table S1. Change in the nanotube emission wavelength of the DNA-SWCNT following conjugation of the anti-HE4 antibody to the DNA. table S2. Concentration of HE4 in conditioned cell culture media and ascites from representative mouse ascites samples as determined by ELISA of SK-OV-3, OVCAR-8, OVCAR-3, and OVCAR-5 models in vitro and in vivo.
